In the postgenomic era, the transformation of genetic information into biochemical meaning is required. We have analyzed the proteome of the chloroplast outer envelope membrane by an in silico and a proteomic approach. Based on its evolutionary relation to the outer membrane of Gram-negative bacteria, the outer envelope membrane should contain a large number of ␤-barrel proteins. We therefore calculated the probability for the existence of ␤-sheet, ␤-barrel, and hairpin structures among all proteins of the Arabidopsis thaliana genome. According to the existence of these structures, a number of candidates were selected. This protein pool was analyzed by TargetP to discard sequences with signals that would direct the protein to other organelles different from chloroplasts. In addition, the pool was manually controlled for the presence of proteins known to function outside of the chloroplast envelope. The approach developed here can be used to predict the topology of ␤-barrel proteins. For the proteomic approach, proteins of highly purified outer envelope membranes of chloroplasts from Pisum sativum were analyzed by ESI-MS/MS mass spectrometry. In addition to the known components, four new proteins of the outer envelope membranes were identified in this study.
of the outer envelope proteins are believed to be of bacterial origin, with the exception of those added to the outer membrane during evolution in order to adapt to metabolism in a eukaryotic cell.
The proteins of the outer membrane of Gram-negative bacteria are exclusively of ␤-barrel structure. This might be for several reasons. First, it is believed that no translocation machinery exists at the inner membrane, which is able to translocate hydrophobic ␣-helices across the inner membrane. Second, the phospholipid divergence between outer and inner leaflet of the outer membrane might favor the insertion of ␤-barrels over ␣-helices, and in addition, the formation of a ␤-barrel requires less amino acids to traverse a membrane than does an ␣-helix. Third, work on the insertion of ␤-barrel toxins revealed that insertion of these ␤-barrel proteins is not dependent on proteinaceous components, even though proteinaceous components might stimulate the insertion (Escuyer and Collier 1991) .
This leads to the idea that ␤-barrel membrane proteins are evolutionary older. Interestingly, this observation could be confirmed for ␤-barrel proteins of the outer membrane from Escherichia coli (Kleinschmidt and Tamm 1996) and mitochondria (Schleiff et al. 1999) , which are also of endosymbiotic origin. Therefore, the origin of the outer envelope from Gram-negative bacteria indicates a mainly ␤-barrel protein content of this membrane, including solute channels, enzymes, and receptor proteins. Unfortunately, the origin of these proteins cannot be used to identify unrecognized outer envelope proteins, because ␤-barrel proteins reveal a high divergence among primary sequences, even within one class of proteins. However, we conclude that the identification of ␤-barrel proteins within one genome should be a good indication for an identification of chloroplast outer envelope proteins in a proteome approach, because this class of proteins was not identified to be present in thylakoid membranes, plasma membranes, or endoplasmatic reticulum-derived membranes (Tamm et al. 2001) .
The main structural feature of ␤-barrel proteins is their composition of an even number of eight to 22 membranespanning ␤-sheets with an antiparallel topology, which are connected by alternating long and short loops, forming socalled ␤-hairpin structures (Wimley 2002) . Already, 10 amino acids are sufficient for these ␤-sheets to traverse the membrane bilayer. Hydrophobic residues may face the lipid environment, and amino acids with an intermediate polarity may indicate the interior of the channel. In the range of the bilayer interface, these secondary structures expose aromatic amino acid residues to the outer environment (Schulz 2000) .
In the postgenomic area, it is essential to transform genetic-derived information into functional and structural protein data (Orengo et al. 1999) . Chloroplast proteins of other localization than the outer envelope can be identified by the special hydrophobic features of their amino acids (von Heijne 1996) or by analysis of their transit sequences (Emanuelsson and von Heijne 2001) . However, this is not valid for the ␤-barrel proteins of the outer membrane of chloroplasts, because such proteins lack a cleavable transit peptide for organella targeting. A prediction of internal targeting sequences, as postulated for those proteins, is still not possible owing to the lack of experimental information Chacinska et al. 2002) . Several methods were proposed to predict ␤-barrel proteins (Schirmer and Cowan 1993; von Heijne 1996) , and recent progress in crystallization of the ␤-barrel proteins enabled a detailed statistical analysis (Ulmschneider and Sansom 2001; Wimley 2002) . Wimley (2002) developed algorithms to screen the genomic derived sequences of E. coli and Pseudomonas aeruginosa for ␤-barrel proteins. Based on these algorithms, we developed an approach to analyze the genomic-derived amino acid sequence of ␤-barrel proteins from Arabidopsis thaliana with putative localization in the outer envelope of chloroplasts. Here, we define and discuss a pool of 891 proteins by combining a computational ␤-barrel, isoelectric point (pI), and TargetP calculations and manual selection called BITS (Beta barrel, pI, TargetP, manually selected). This pool provides an aid to identify outer envelope proteins after mass spectroscopy or N-terminal sequencing. Furthermore, the possibility to use these algorithms for topology prediction was tested. In the complementary proteomic approach, four new proteins could be identified. In addition to known proteins such as preprotein translocators and solute transporters, an 80-kD protein of the ABC-transporter family, an 80-kD ␤-glucosidase, a protein of 32 kD with homology with dehydrogenases, and a 37-kD protein of unknown function (OEP37) were identified. We present evidence that OEP37, like OEP24 and Toc75, is an outer envelope ␤-barrel channel.
Results

Selection of outer envelope proteins by the ␤-barrel score and ␤-sheet number
Most of the outer envelope proteins do not contain classical transit peptides and cannot be identified by simple transit peptide prediction. Because we expect most proteins of the outer envelope to contain a ␤-barrel structure, we analyzed the genome of A. thaliana for the presence of ␤-barrel proteins as outlined in Figure 1 . First, genomic-derived sequences were used to calculate the ␤-barrel score (BBS; Wimley 2002) . Most proteins of the A. thaliana genome revealed a BBS of less than one (Supplemental Material ,  Fig. B ). This observation is in line with the analysis of the E. coli and P. aeruginosa genome, which revealed a BBS between zero and one for ∼87% of the proteins. Wimley (2002) demonstrated that known ␤-barrel proteins of these species have a BBS higher than one. However, in A. thaliana, only ∼2.2% of all sequences revealed a BBS higher than one (Supplemental Material , Fig. B) . Hence, by the same criteria, significantly less genes were selected in A. thaliana in comparison to the E. coli and P. aeruginosa genome (Wimley 2002) . One explanation could be that eukaryotic cells do contain ␤-barrel proteins only to a lower extent. However, this seems unlikely because plant cells contain two endosymbiotic-derived organelles, which mainly consist of ␤-barrel proteins at their cytosolic-exposed membrane. Furthermore, we observed that a BBS cut-off higher than one did not detect the homologs of the solute channel OEP21 (Bölter et al. 1999 ) and OEP24 (Pohlmeyer et al. 1998) , which were predicted by other methods to be ␤-barrel proteins of the outer envelope of chloroplasts. We therefore decreased the cut-off value to 0.7. Now, 4.5% of all genomic-derived sequences were found in this gene pool selection (Fig. 1) , including OEP21 and OEP24, but not the homologs of OEP16, which are predicted to form ␣-helical channel.
Still, some of the known outer envelope proteins with proposed ␤-barrel conformation, such as Toc75 Sveshnikova et al. 2000) , were not selected because the BBS selection method results in rejection of proteins containing large soluble regions. We therefore calculated the number of predicted membrane ␤-sheets within each protein by using the number of peaks above two of the exact ␤ score (EBS). Most of the known channel-forming membrane proteins consist of at least 14 ␤-sheets (Schirmer and Cowan 1993) . For our analysis, we decided to select all protein sequences with >13 predicted ␤-sheets (Fig. 1) . We found that ∼10% of the genomic-derived sequences from A. thaliana contain at least 14 predicted ␤-sheets. A combination of genes selected by either criterion, namely, a BBS cut-off 0.7 or a ␤-sheet content >13, revealed 3,782 sequences (13%), resulting in a ␤-barrel protein rate similar to that of E. coli and P. aeruginosa (Wimley 2002) .
This computational selection probably allowed the detection of most membrane-located ␤-barrel proteins in the plant cell. To specifically select chloroplast envelope sequences, we used the observation that all described envelope membrane solute channels have a basic pI. A cut-off selection of pI > 7 reduced the number of sequences by almost one half (Fig. 1) . We further analyzed this pool for the presence of targeting sequences by using TargetP. All sequences with a clearly identified targeting signal directing not to the chloroplast (of class 1 and class 2) were removed from the list (Fig. 1) . Proteins with a chloroplast-targeting signal were not removed at this point, although most of the outer envelope proteins are thought to lack any targeting signal. This selection detected 1,566 sequences (41%) of the proteins selected by the BBS and ␤-sheet content.
To further limit the pool of selected proteins, all remaining sequences were analyzed manually according to their proposed or known function. During this selection, 675 sequences already characterized and localized to other compartments of the plant cell were removed, leaving 891 sequences (3.1%) of all genomic-derived sequences, with a possible localization in the plastid outer envelopes (Fig. 1 ). This pool of candidates was named the BITS pool.
Topological analysis of proteins identified in the BITS pool
The final aim of computer-supported gene analysis is the identification of structural and functional elements. Functional elements are already summarized in many databases (such as MIPS) independent of the fold of proteins. Structural information is hard to obtain, especially when no homolog proteins are available or in the case of membrane proteins. In the case of membrane proteins, the topology of helical regions is predictable as outlined (Supplemental Material). However, the topology prediction of ␤-barrel proteins still suffers from applicable methods. We therefore developed a protocol for such a modeling based on the BBS, the alternating hydrophobicity calculation, and the homolog comparison as described in Supplemental Material. To test this protocol, we started with two known proteins for which structural information was available.
First, the gene At1g45170 from A. thaliana encoding the homologous protein of OEP24 from pea was selected from the BITS pool (Table 1 ). This protein was described as a high-conductance solute channel with a slight selectivity for cations transporting triphosphates, sugar, and charged amino acids (Pohlmeyer et al. 1998) . Although no sequence similarity to mitochondrial porins could be identified, the protein was shown to functionally replace mitochondrial voltage-dependent anion channel (VDAC; Röhl et al. 1999 ). Using our computational tools, we propose a structural model of the protein encoded by the A. thaliana gene (Fig.  2) . Nine transmembrane sheets were identified by using the BBS and additional three by using the alternating hydrophobicity (strands 4, 6, and 8). The transmembrane probability and the exact positioning were manually controlled as outlined (Materials and Methods). The model proposed here includes 119 amino acids (56%) in the pore formation. This is in line with the observation by circular j Localization of the protein: OE, previously described to be located in the outer envelope of the chloroplast; oE?, assumption to be located in the outer envelope; IE, previously described to be located in the inner envelope of the chloroplast; iE?, assumption to be located in the inner envelope; S. stroma. k Compare Eckart et al. (2002) . dichroism that ∼50% of the secondary structure of OEP24 was described to be in a ␤-sheet conformation (Pohlmeyer et al. 1998) . Furthermore, the presence of only short loops is confirmed by resistance of OEP24 against proteolysis, whereas after membrane solubilization, proteolysis yields very small fragments (Fig. 3A , lanes 1,2). Second, the gene product of At5g19620 was identified as a 66-kD homolog of Toc75-like proteins and was annotated Toc75-V (Eckart et al. 2002) . Several models were proposed for Toc75 in the past Sveshnikova et al. 2000) . However, these models were constructed from Toc75 and synToc75 only (Sveshnikova et al. 2000) . Recent identification of further members of this family (Jackson-Constan and Keegstra 2001; Eckart et al. 2002) and improvement of the prediction methods suggested a reinvestigation of the topology of this protein family. The starting pool to optimize the topology model contained Toc75 of Pisum sativum, the Synechocystis homolog synToc75 (slr1227), and the A. thalinana homolog of Toc75 from chromosome III (At3g46740), as well as Toc75-V (At5g19620). The other homologs were not considered because the size distribution did not allow a direct comparison of the proteins.
By using the described algorithm, 19 transmembrane segments were predicted initially by BBS and alternating hydrophobicity. However, one segment localized earlier between the third and fourth transmembrane sheet had to be rejected after consideration of the proteolytic results observed for the inserted Toc75 from P. sativum (Sveshnikova et al. 2000) . Therefore, a model of 18 transmembrane sheets is proposed by our protocol (Fig. 3C ). The topology model indicated here contains two large cytosolic exposed domains at the N terminus. In contrast, the initial model of Hinnah and coworkers (1997) suggested a cytosolic domain for the C terminus. The identification of the smaller homolog (Supplemental Material, Fig. E ) and the new algorithm now clearly shows that the C-terminal part is not exposed to the cytosol but, in contrast, has to be the core of the membrane channel. Within this region, the loops remain short and indicate a dense package of the sheets. Furthermore, the proposed model is in line with the observations established by Svesnikova and coworkers (2000), in which a protease treatment of right-side-out outer envelope vesicles resulted in degradation of the protein to a size of ∼45 kD. A similar observation was made for Toc75-V (Fig. 3A , lane 5). The results from proteolysis of disrupted outer envelope vesicles further confirmed the presence of large regions exposed to the intermembrane space, because the protein becomes degraded on membrane solubilization (Fig. 3A , lane 6).
Identification of outer envelope proteins by mass spectrometry
In order to confirm our predictions and to use the BITS pool, proteins of highly purified outer envelope membranes were analyzed by mass spectroscopy. In total, 16 proteins were identified from 117 peptide sequences by mass spectrometric analysis (Table 1; Fig. 3 ). According to their mode of identification, the proteins can be placed in two different groups. The first group contains proteins, which were already identified in P. sativum, namely, Toc159, Toc75, Toc75-V, Toc64, Toc34, OEP24, OEP21, OEP16, Tic110, the large subunit of the Rubisco (LSU), and a phosphate translocator Bölter and Soll 2001) . With the exception of the three proteins named, all other proteins are components of the outer envelope. Previous observations explain the contaminations of the outer envelope preparation by exactly those proteins. Tic110 is found to be in association with the Toc machinery, and it was postulated that Tic 110 forms a stable, not precursor-dependent, contact site Nielsen et al. 1997 ). The phosphate translocator was originally identified in the inner envelope (Flügge et al. 1989 ) and later thought to form the outer envelope translocon (Schnell et al. 1990 ), documenting that this protein might be tightly associated with the outer membrane. The stromal LSU is the most dominant protein of plastids and contaminates any fraction (Block et al. 1983 ). In addition to the three proteins described, which were only present at low concentration as determined by immunodecoration of the outer envelope fraction (Fig. 4B , lane 2), no other contaminations were detectable. This indicates that the outer envelope fractions used in this study were of high purity.
The second group contains proteins previously not identified in P. sativum. For their identification, the A. thaliana database (http://mips.gsf.de/proj/thal/db/search/search_frame. html) was screened with blast searches for proteins homologous to the de novo sequenced peptides. One protein was identified as a homologous ABC transporter protein by four peptide sequences (At2g01320; data not shown). ABC proteins are involved in transport processes. In particular, it was shown that atABC1 is required for transport and correct distribution of protoporphyrin IX, which may act as a lightspecific signaling factor involved in coordinating intercompartmental communication between plastids and the nucleus (Moller et al. 2001) . We conclude that the identified protein encoded by At2g01320 and the identified homologous protein in P. sativum are located in the outer chloroplast membrane. Interestingly, additional peptides isolated from the same protein band (Fig. 3B, cf. No. 80) revealed the existence of a protein homologous to a putative ␤ glucosidase of A. thaliana encoded by At3g06510. Previously, it was observed that a ␤-glucosidase is associated with chloroplast membranes in Beta vulgaris (Zakharova and Petrova 2000) . Two further proteins of 37 kD (HP37) and 32 kD (HP32) were identified with homology with the gene products of At2g43950 and At4g23430, respectively. In contrast to the two proteins mentioned above, no information about these proteins could be found in the literature. The 32-kD protein was previously identified while sequencing inner envelope proteins by a similar approach (Ferro et al. 2002) . However, because Ferro and coworkers (2002) had to deal with crosscontaminations with outer envelope and other membranes, it remains unclear where this protein might be located. Peptides generated from the protein with the reference No. 23 (Fig. 3, cf. No. 23) did not show any relation to known proteins (Supplemental Material, Fig. A) and therefore could not be identified.
Six of the sequenced proteins could directly be identified as integral ␤-barrel proteins, namely, Toc75 and Toc75-V, Toc159, OEP24, OEP21, and HP37. For OEP24 and the Toc75 homolog, representative topology models were predicted here (Figs. 2, 3) . For OEP21, an eight ␤-barrel structure was proposed previously (Bölter et al. 1999) , and HP37 will be discussed in detail (see below). The protein translocon subunit Toc159, which is believed to have a dual localization (i.e., in the outer envelope and in the cytosol; Hiltbrunner et al. 2001) , was not selected in the BITS pool because of the pI value below 7. Closer analysis after identification of the protein within the outer envelope (Table 1) revealed that ∼14 of the putative transmembrane segments are located in the C-terminal 52-kD M-domain (data not shown), which was found to be resistant against protease treatment of intact chloroplasts (Chen et al. 2000) . This might open the question whether the C-terminal domain forms a ␤-barrel fold within the intermembrane space or is inserted into the outer envelope by this ␤-barrel conformation. The latter would be in line with earlier observations that the C-terminal 25 kD of Toc159 inserts into the outer envelope (Muckel and Soll 1996) .
The other six proteins-namely, Toc64, Toc34, OEP16, the putative ABC transporter, the putative ␤-glucosidase, and HP32 (Table 1 )-do not belong to the class of ␤-barrel proteins. In order to investigate the presence and localization of helical transmembrane segments, prediction programs were used as outlined. Only transmembrane helices predicted by at least three different algorithms were selected (Supplemental Material, Table A ). Interestingly, for five proteins, helical segments were proposed (Table 1) . One member of this class with an apparent molecular weight of 14 kD, was identified as OEP16 (Pohlmeyer et al. 1997) , an amino acid-selective channel of the outer envelope. By sequence analysis, we found three homolog sequences within the A. thaliana genome, namely, At2g28900, At4g16160, and At3g62880. Furthermore, this protein is closely related to Tim23, Tim22, and Tim17, two translocator proteins of the mitochondrial inner membrane (Rassow et al. 1999) . In OEP16, three of the four transmembrane helices present in Tim22 and Tim23 were predicted. In At2g28900 the identified transmembrane region at amino acid 102-118 represents helix 3 and the region at amino acid 125-142 helix 4. According to Rassow and coworkers (1999) , helix 2 would be located between amino acid 70 and 91. In line with earlier investigations, the helix 1 present in Tim17 was not identified (Pohlmeyer et al. 1997) .
Our data show that almost all of the sequenced proteins represent membrane-inserted proteins. Only for At4g23430, can no membrane segment be proposed with high reliability. This protein was recently also identified while sequencing inner envelope proteins (Ferro et al. 2002) and reveals remarkable homology with dehydrogenases, specifi- cally to short-chain oxidoreductases. Because Tic110 was the only contamination with inner envelope proteins in our outer envelope membrane preparation, we suggest that according to our computational prediction the 32-kD protein is associated with the membrane surface by protein-protein or protein-membrane interaction, and most likely faces the intermembrane space.
Analysis of HP37
The previously not identified HP37 was investigated in more detail. Peptide sequences derived from a protein migrating at ∼37 kD on SDS-PAGE (Table 1, HP37) were used to isolate a full-length cDNA clone from P. sativum (accession no. AJ243759; Fig. 4) . The calculated molecular weight of the protein from P. sativum is 37,361 Da. The protein has a pI of 8.2 and a BBS of 1.42. The homologous protein in A. thaliana is encoded by the gene At2g43950 and has a molecular mass of 39 kD. The proteins from P. sativum and A. thaliana share 63% identity and 75% homology over their entire length. To further prove the accuracy of our outer envelope purification method, a chloroplast fractionation was carried out. Chloroplasts were fractionated (Fig. 4B, lane 1 
) into outer (lane 2) and inner envelope (lane 3), stroma (lane 4), and thylakoids (lane 5).
Clearly, HP37 is colocalized with the proteins of the outer envelope like Toc75, Toc34, OEP24, and OEP16. We therefore conclude that HP37 is a protein of the outer envelope membrane (Fig. 4B) , and we will refer to the protein as OEP37.
As already mentioned, the newly identified OEP37 belongs to the class of ␤-barrel proteins (Table 1) . So far nothing except the protein sequences for the homologs of P. sativum and A. thaliana is known about the protein. Therefore, topology prediction might already lead to a possible function of this uncharacterized protein. Modeling of the channel reveals again a 12 ␤-sheet structure, as before for the OEP24 homolog (Fig. 5) . However, in contrast to OEP24, OEP37 seems to contain large soluble domains at both sides of the membrane. The overall distribution of charged amino acids indicates that OEP37 forms a voltagegated channel. The fragments observed after protease treatment also indicates for this protein that large loops are exposed to the intermembrane space, because the protein becomes accessible to proteolysis after vesicle disruption (Fig.  3A, lanes 3,4) .
Discussion
We have presented an algorithm for the prediction of outer envelope ␤-barrel proteins. A combination of our method with the general prediction of chloroplast proteins by Chloro P and the method described by Ferro and coworkers (2002) provides a basis to cover the proteome of the plastid compartment. However, while analyzing the genome of Arabidopsis thalina, we observed that even known ␤-barrel proteins such as Toc75 have a BBS smaller than 0.7 (Table  1 ). This observation indicated that the polypeptide loop regions of ␤-barrel membrane proteins are longer in eukaryotes than in prokaryotes, because the BBS is strongly dependent on the assumption of a loop with a length between five and 25 amino acids. Hence, although the ␤-barrel protein content of the outer membrane of mitochondria and chloroplasts originated from the prokaryotic ancestors, the loop and exposed regions may have been altered in length and possibly in function during evolution. These changes might have been necessary, especially for mitochondrial and chloroplast proteins to adopt new functions or higher selectivity than required in the outer membrane of bacteria.
We have further analyzed the selected sequences according to their pI. The majority of the selected proteins have a pI between 7.5 and 10 (Supplemental Material, Fig. C) with a maximum of the gaussian distribution at a pI of 8.8 (Fig.  5) . This is in line with earlier observations from two-dimensional mapping of the envelope proteins (J. Soll, unpubl.) and results presented for inner envelope proteins (Ferro et al. 2002) . Analysis of the sequence length prior to manual selection yielded two clusters with a gaussian distribution ∼500 (cluster 1) and 1,200 (cluster 2) amino acids (Supplemental Material, Fig. D) . Remarkably, some proteins with up to 3,800 amino acids were also selected. The final sequence pool revealed a distribution, which can be described by a single gaussian distribution (Supplemental Material, Fig. D) , with a peak at 500 amino acids and a comparable sigma as the first peak before selection (Fig. 2) . We believe that the second cluster represents large soluble proteins with a hydrophobic ␤-sheet interior, resulting in their misidentification as membrane spanning ␤-sheets. This is in line with the observation that the second peak represents proteins selected by ␤-sheet number and not by BBS (data not shown).
Both observations together, namely, the existence of longer loop regions and the insufficiency of the selection by ␤-sheet number, indicate that a new criterion has to be developed to identify ␤-barrel proteins in higher plants. Two possibilities exist. In line with the model of OEP24 and OEP37 (Figs. 2, 4) , we suggest to increase the loop size acceptance for the hairpin score (HS) calculation. So far, taking the suggestion of Wimley (2002) into account, we are working with a loop gap of five amino acids. To test whether the calculated score depends on this assumption, we increased the loop gap from 5 to 15 amino acids (Fig.  5B) . For Toc75 and Toc75-V, we observed a maximum of the BBS at a loop size of 7 for Toc75-V and of 13 for Toc75 (Fig. 5B) , strongly indicating that loop regions of eukaryotic proteins are larger than those of prokaryotic (Wimley 2002) . In contrast, for a soluble test protein, the transcription factor encoded by At1g21740 containing a ␤-sheet structure and a calculated BBS of 0.662 by using the standard algorithm, we observed a constant decrease of the BBS when the loop gap was increased (Fig. 5B) . Based on the model created, we observed that certain large regions are not involved in channel formation in Toc75-V (Fig. 3) . Therefore, a low BBS is observed because the score is calculated by dividing the HS summation by the number of amino acids of the whole sequence. This hypothesis is supported by the identification of homologous proteins with shorter sequence than that of Toc75 (Jackson-Constan and Keegstra 2001) and Toc75-V (Eckart et al. 2002) . The alignment (Supplemental Material, Fig. E ) between Toc75-V and At3g48620 indicates that the majority of the topological elements have to be located at the C terminus of Toc75-V. In line with the model of Toc75-V presented here, the shorter homolog also accounts for a ␤-barrel channel, because 13 transmembrane segments of Toc75-V are present within the aligned region. Together, this would indicate that the HS should only be calculated for a region accounting for a pore-forming segment of the polypeptide. We therefore used a window of 350 amino acids, reflecting the average size of many porins, and calculated the highest HS for a protein by selecting the highest score for such a window sliding over the sequence. While doing that, we observed that for Toc75 and Toc75-V, the highest BBS was observed for the C-terminal 350 amino acids (Fig. 5C) , as expected from the topological model. However, for Toc75 a second peak appeared in the center of the protein. We therefore suggest that analysis of the BBS distribution allows the selection of the core channel regions as well.
The protocol proposed for topological predictions was tested, and the models constructed are in line with experimental observations. Earlier modeling was based on alternating hydrophobicity prediction (von Heijne 1996) or a combination of hydrophobicity and amino acid localization (Sveshnikova et al. 2000) . Our results indicate that a combination of the analysis of alternating hydrophobicity and BBS is required to build more reliable topological models. Positioning of the sheet ends still requires the consideration of the amino acid distribution in the capping regions as outlined. By using such models, observations can be explained, and a hypothesis for channel behavior can be formulated. For example, Hinnah and coworkers postulated that the cation selectivity of Toc75 from P. sativum is defined by a high negative charge at the "mouth" of the channel (Hinnah et al. 2002) . Because Toc75-V belongs to the same protein family, similar properties are expected. A close look at the model of Toc75-V is in line with this interpretation. When only the first three amino acids of the channel pointing toward the cytosol were analyzed for charge distribution, a ratio of seven negatively charged amino acids over one positively charged amino acid was found. Furthermore, the negative charges are present in sheets 2, 3, 6, 7, 10, 14, and 17 and support the idea of the formation of a charged "mouth-like structure."
In general, the interior of the channel contains 14 negatively charged and 10 positively charged amino acids. Furthermore, four histidines are present, which become charged at pH 5.5. Therefore reduction of the pH from 7 to 5 drastically alters the ratio of negative-and positive-charged amino acids in the channel to a value of 14 : 14. It was observed that cation selectivity was reduced by a factor of two when the pH was changed from 7 to 5 (Hinnah et al. 2002) . This is in line with the conclusion from the model, because the histidines are mainly located close to the intermembrane space side not altering the charge of the "mouth" region. A further reduction of the pH to 4.0 would decharge glutamic acids, and the resulting overall ratio would increase to a value between 9 to 14 (negative to positive amino acids). The majority of the aspartic acids in our model are present within the "mouth zone" of the channel, leaving a 5 : 2 ratio of negative to positive charges at the channel entrance. This would explain why the cation selec-tivity remained at the mouth region, although drastically reduced (Hinnah et al. 2002) , possibly owing to the increase in positive charges at the intermembrane space side.
With respect to the OEP24 channel, believed to form a dimer (Pohlmeyer et al. 1998) , we made an unexpected observation that was of interest. Four aspartic acids are located at the fourth position of the channel, forming ␤-sheets from the proposed cytosolic side (TMS 3, 4, 6, 9) . This highly negatively charged ring is complemented by a glutamic acid at position 5 in TMS 11. In addition, the proposed topological model shows a 10 : 9 ratio of negative-to positive-charged amino acids, again explaining the weak cation selectivity of the channel. Furthermore, the comparison P(K+)/P(Cl−) ratio observed for OEP24 at physiological conditions (3.7; Pohlmeyer et al. 1998 ) lies between the ratio observed for Toc75 at pH 5 and pH 4 (6.3 and 1.9, respectively). Therefore, the model is able to explain the low ion selectivity of the channel and opens the question of the function of the acidic ring at position four.
In contrast to OEP24, the model of OEP37 shows large soluble domains, which might even penetrate the channel. The highly charged third loop with the proposed localization at the intermembrane space especially indicates an influence on the channel behavior, similar to the loop found in porins (for example, see Weiss and Schulz 1992) . If so, we would expect a rapid gating behavior as the result of the high negative net charge. Furthermore, we observed a ratio of 9 : 15 (negative to positive amino acids) within the channel region of OEP37, indicating an anionic behavior of this channel on the first view. However, the large negatively charged loop region accounts for a certain cation-selectivity as well. Interestingly, within a "mouth" region the charges are balanced at 4 : 4, whereas the core domain shows a clear positive net charge and might function as the filter of the channel. The proteomic approach, together with the topology modeling, indicates that we are able to present a new member of the family of ion selective channels of the outer envelope membrane.
The analysis of the proteins selected in our BITS pool revealed that 38% of all selected proteins are computerpredicted hypothetical proteins, and 47% are proteins with identified cDNA but with unknown or predicted function. Among the known proteins are nitrate, H+, UDP-galactose, sulfate, sugar, potassium, peptide, and other transporter proteins. Interestingly, our pool contains for example HP44, HP59, HPSOT, and HPTLC, identified by the earlier screen of Ferro and coworkers (2002) . The localization of these proteins is not certain yet; although a chloroplast-targeting signal was identified. HPSOT and HPTLC were only selected by their BBN of 14 and 15, close to the threshold, and may therefore still be helical channels as suggested by Ferro and coworkers (2002) . However, HP44 and HP59 have a BBS of 1.17 and 1.37, respectively, indicating a ␤-barrel conformation and therefore an outer envelope localization.
In general, the procedure described here can be used to analyze other plant genomes for the presence of the ␤-barrel proteins. Furthermore, even though the methodology was developed to identify putative chloroplast ␤-barrel proteins, proteins with other localizations can be predicted by the methods presented here. The selection using Target P can be modified to selectively identify putative mitochondrial or secreted ␤-barrel proteins. Also, further information about general properties such as the pI or the size distribution of proteins from the proteome of the target membrane increases the reliability of the prediction and can be included in the algorithms to select candidates with a specific cellular localization, as performed with the pI selection for outer envelope proteins.
Materials and methods
Protein extraction from outer envelopes
Outer envelope membranes were isolated as described (Seedorf et al. 1995) . Copurified stromal, thylakoid, inner envelope, and outer envelope fractions were used for the investigation of subcellular localization and topology analysis. All procedures for gel electrophoresis, in-gel digestion, and preparation for the following mass spectrometric analysis were carried out as described before (Eckart et al. 2002) .
cDNA cloning, overexpression, and antisera production
The peptide sequences of the 37-kD protein were used to create a random primed digoxigenin-labeled probe. The subsequent screening, cloning, heterologous expression, and antisera production was performed as previously described (Pohlmeyer et al. 1997 (Pohlmeyer et al. , 1998 .
Statistical analysis of the genomic-derived sequences
The geneomic-derived sequences were recovered from the FTP server from The Institute for Genomic Research and were analyzed by using ChloroP and TargetP as described in Supplemental Material. For the calculation of the EBS, we followed the statistical analysis described by Wimley (2002) . The values for the probability of amino acids to face the lipid bilayer (Aex) or the interior of the channel (Ain) were further specified for the lipid core (c, defined as the phase 0.65 nm from the membrane center) and the head-group region (h, defined as the phase between 0.65 and 1.35 nm from the membrane center; Wimley 2002). The score was then calculated by using a window of 10 amino acids, which statistically most likely are able to traverse the membrane (Wimley 2002) . Therefore, four amino acids are located in the core region and six in the interphase or head-group region. The score was calculated for the case that the first amino acid faces the bilayer (B1; E1) and that the first amino acid faces the interior of the channel (B2; E2). The higher of both values was then defined as the global ␤-strand score of this amino acid. The EBS representing the number of membrane spanning regions was calculated by counting of all separate regions with an EBS above two. The HS was calculated within a window of 25 amino acids by selecting the highest EBS in a window of 10 amino acids, starting at amino acid one and starting at amino acid 15 (Wimley 2002) . The HS was then defined as the summation of both values. All HSs above a cut-off of six were added and divided by the number of amino acids of the sequence, giving the ␤-barrel value. The pI value for further selection was then numerically calculated by using the following values: pKai Arg ‫ס‬ 12.48; Lys ‫ס‬ 10.53; His ‫ס‬ 6.00; N-term ‫ס‬ 9.69, pKaj Asp ‫ס‬ 3.86; Glu 
where N represents the number of similar amino acids. The pH value for the absolute net charge value smaller than 0.01 was set as isoelectric point of the protein.
Topology modeling
␤-Sheet analysis was performed as outlined above. Subsequent identification of transmembrane helices for nonselected proteins was performed by using the DAS (Cserzo et al. 1997) , HMMTOP (Tusnady and Simon 2001) , SOSUI (http://sosui.proteome.bio. tuat.ac.jp/sosuiframe0.html), TMHMM (Krogh et al. 2001) , TMpred (Hofmann and Stoffel 1993) , and Toppred (von Heijne 1992).
The results are given in Supplemental Material (Table 1) . The localization of the ␤-sheets was determined according to the regions with an EBS above two. Furthermore, the alternating hydrophobicity specific for membrane ␤-sheets (von Heijne 1996) was calculated by using a 10-amino-acid window typical for the size of a transmembrane sheet (Wimley 2002) for the EGS scale (Engelman et al. 1986 ), the POPC scale representing the lipid interface (White and Wimley 1998) , and the octanol scale representing the lipid core (White and Wimley 1998) . All three hydrophobicity results and the BBS were compared to build an initial model (step 1). Then the secondary structure was predicted. It was demonstrated earlier that the proposed loop regions are often found to be surface exposed in the channel formation when secondary structure prediction programs for cytosolic proteins are applied to membrane proteins. Here, secondary structure prediction was performed by using the profile-based neural network method PHD (http://dodo.cpmc.columbia.edu/prediction/; Rost and Sander 1993) . The structure of exposed regions was modeled by using secondary structure profiles and accessibility data from PHD. The initial topology model was then corrected (step 2). The same procedure was performed for close homologs, and the structural models will be aligned according to the amino acid alignment observed with Clustal W (Jeanmougin et al. 1998) . Only transmembrane segments existing in all related proteins can be considered, because alterations of the amino acid composition are frequent, whereas alteration in transmembrane segment number is rare among one class (step 3). Then, the position of the transmembrane ␤-sheet was corrected on the base of the hydrophobicity, the ␤-barrel probability values (Wimley 2002) , and the positioning of the aromatic amino acids because they are often found to cap the transmembrane region (step 4; Sveshnikova et al. 2000) . Last, the localization of the loops in the cytosol or in the intermembrane space was postulated by the positive inside rule (step 5; von Heijne 1996) .
Electronic supplemental material
The supplemental material contains a detailed description of the program units used for determination of the BITS pool. Additional figures of the statistical analysis of the pool are provided. In addition, the sequences of an unidentified protein are given.
